MsrB1 belongs to the methionine sulfoxide reductase family, it is also known as selenoprotein R for the sake of possessing a selenocysteine residue. It has been reported that MsrB1 could interact with actin, TRPM6, clusterin, and amyloid-beta in vitro. Thus, we presumed that MsrB1 may play an important role in central nervous system. To examine whether MsrB1 knockout has any effects on brain development or learning behavior, we carried out histological study on brains of MsrB1 deficient mice, and further tested spatial learning ability and long-term synaptic plasticity of these mice by using Morris water maze and electrophysiological methods.
Introduction
Methionine oxidation resulted from the action of reactive oxygen species (ROS) or other oxidases is one of the major posttranslational modification to proteins. Oxidation of methionine can lead to loss of enzyme activity, e.g. preventing phosphorylation on serine (Ser) and threonine (Thr) proximate to the oxidized site [1, 2] . Thus, reversal of the methionine sulfoxide by methionine sulfoxide reductases (Msrs) plays an important role in regulating protein functions [3] .
The Msrs family is composed of MsrA, MsrB1, MsrB2, and MsrB3 in mammalian. Among them, MsrA is specific for the peptidyl or free form of methionine-S-sulfoxide, whereas MsrBs only act on the R-form methionine sulfoxide residues in proteins and exert very weak activity toward the free form [4, 5] . MsrA is localized in the mitochondria, cytosol and nucleus. Mice lacking of MsrA exhibit a tip-toe walking pattern after 6 months of age [6] . Further study demonstrated that MsrA knockout results in lower locomotor activity along with the dysregulated dopamine level, and compromised complex task learning capabilities and degeneration of neuron in the hippocampal areas compared with WT counterparts [7, 8] . More interestingly, It has been illustrated that oxidization of CaMKII at 281/282 Met confers Ca 2+ /CaM independent activity on the enzyme, and the increased CaMKII oxidation in MsrA -/mice mediates more severe myocardial apoptosis when the mice were treated by angiotensin II [9] . Although, it is unknown whether MsrA could modulate CaMKII activity in the brain, it has been well demonstrated that the both oxidation at Met-281 and nitrosylation at Cys-280/289 confers CaMKII autonomous activity, though it is much lower compared with that derived from autophosphorylation at Thr-286 [10] . With regard to MsrBs, the MsrB1 is present in both nucleus and cytosol. It has been reported that mice lacking MsrB1 are viable with increased methionine sulfoxide proteins in their liver and kidney [11] . As for the other two MsrBs, MsrB2 is a mitochondrial protein [12] , down regulation of MsrB2 by siRNA has been reported to increase oxidative stress-induced cell death in lens cell [13] . Whereas, MsrB3 resides in the endoplasmic reticulum [12] , deficiency of which leads to hearing loss due to stereocilia degeneration and cochlear hair cells apoptosis [14] . In addition, MsrB3 has been found to associate with synaptic vesicles and it is decreased in the hippocampi of Alzheimer's disease (AD) patients [15] .
MsrB1 is also known as Selenoprotein R, one of the 25 selenoprotiens in human proteome, for it possesses a selenocysteine (Sec) residue which is encoded by UGA. It has been reported that the level of MsrB1 is sensitive to the selenium supplementation [16] . By means of yeast two-hybird and/or FRET, it has been observed that MsrB1 directly interact with Clusterin [17] , TRPM6 [18] , amyloid-beta [19] . Moreover, In vitro study demonstrated that MsrB1 could facilitate actin assembly by reducing the oxidized Met at 44 and 47 residues [20] [21] [22] . The observations above plus the observation that oxidation may be involved in regulating CaMKII autonomous activity make us curious about the functions of MsrB1 in central nervous system (CNS) . In this study, by using behavioral and electrophysiologic examination we observed that MsrB1 ablation resulted in damaged acquisition of spatial learning and memory in mice. In addition, the long-term synaptic plasticity in area CA1 of hippocampus is severely disrupted in acute brain slices of the MsrB1 knockout mice. We also found that MsrB1 deficiency resulted in the decrease of CaMKII phosphorylation at Thr-286(287) in the hippocampus. Taken together, in the present study we report that MsrB1 knockout mice manifested impaired spatial learning, and long-term potentiation (LTP) / long-term depression (LTD) expressions.
Results

MsrB1 is expressed by both neurons and glia in mouse central nervous system
To detect whether the expression of MsrB1 in the CNS exhibits cell-type specificity, we isolated and cultured primary neuron, astrocyte and microglia from mice brain. The mRNA levels of Msrs from each cell type were compared by qPCR using specific primers ( sequence of primer pairs were listed in table 1). The results indicated that MsrA ( Fig. 1 A) , MsrB2 ( Fig. 1 C), and MsrB3 ( Fig. 1 D) were all abundantly expressed in astrocyte compared with primary neuron and microglia. Whereas, the mRNA level of MsrB1 in microglia was comparable to that in astrocyte and was higher than it in neuron ( Fig. 1 B) . Due to the lacking of commercial antibody that is viable for recognizing MsrB1 specifically (the antibodies that had been tried to detect MsrB1 in this trial were all listed in table 2), the protein levels of MsrB1 in different cell types were not examined by means of immunoblot.
The MsrB1 knockout (KO) mice adopted in this study were confirmed by RT-PCR using MsrB1 specific primers ( Fig. 1 E) . The mRNA of MsrB1 was almost undetectable in brain of homozygous MsrB1 KO mice compared with wild-type (WT) and heterozygous mice that from the same litter. We also compared the mRNA level of other Msrs in primary cultured astrocyte, neuron and microglia of MsrB1 KO mice with WT mice by qPCR using specific primers and found that the mRNA level of MsrB3 were slightly elevated in astrocyte ( Fig. 1 H) , whereas the expression of MsrA (Fig. 1 F) and MsrB2 (Fig. 1 G) were unchanged in those cultured neurocytes of MsrB1 KO mice. This is consistent with the previous reports accomplished by immunoblot, which demonstrated that MsrB3 was increased in skeletal muscle of MsrB1 deficiency mice [11] .
Loss of MsrB1 leads to astrogliosis in mice brain
We further examined the effect of MsrB1 deletion on the protein level of NeuN, GFAP, IBA1, and MBP, the protein specifically expressed in neuron, astrocyte, microglia and 6 oligodendrocyte, respectively. The immunoblotting results demonstrated that, GFAP levels in hippocampus of MsrB1 KO mice at 2 weeks ( Fig. 2 A) , 2 months ( Fig. 2 B ) and 8 months ( Fig. 2 C) of age were all significantly increased compared with age matched WT controls, in which the most dramatic increase of GFAP was seen at the relative aged batch (Fig. 2 C) .
In addition, we detected the distribution of astrocytes in hippocampus by immunostaining with GFAP antibody and found that the brain slide of MsrB1 KO mice at 8 months of age displayed high levels of GFAP immunostaining, and the GFAP positive fluorescence signals were widely distributed in all hippocampal layers compared with WT, in which the GFAP staining were mainly located periventricular and perivascular areas, such as stratum lacunosum-moleculare (str. lac.-mol.). In contrast, astrocytes were decreased in the str. lac.-mol. in the brain slices of MsrB1 KO mice. (Fig. 2 D) . These results indicated that loss of MsrB1 resulted in astrocyte migration and astrogliosis in the hippocampus of mouse brain.
To determine whether there are any impacts of MsrB1 deficiency on the morphology of mouse brain, we also performed a gross morphologic comparison on brain of MsrB1 KO mice at 8 months of age with their age-matched WT littermates by hematoxylin-eosin staining. It was indicated by the paraffin sections that loss of MsrB1 did not alter the gross architecture of the brain in general or the size and organization of the cortex and hippocampus ( Fig. 2 E) .
Spatial learning is impaired in MsrB1 deficient mice
It has been reported that either selenium deficiency or Sepp1 knockout impacts the expression of selenoproteins including MsrB1 in various tissues, and induces severe defects in synaptic plasticity and spatial learning in mice [23, 24] . However, whether loss of MsrB1 (SelR) has any effects on mice behavior is unknown. In this regard, we performed Morris water maze test to examine if there are any influences of MsrB1 deficiency on the spatial learning and memory.
In this test, mice at 6-8 months of age were trained to find a hidden escape platform that remains in a fixed spatial location during the learning trial (day 1-5). It has been monitored that the MsrB1 KO mice exhibited comparable swimming speed with WT mice ( Fig. 3 A) . According to the automatic records, the WT mice obviously showed greater improvement in finding the platform on days 3-5 of learning trial, whereas the MsrB1 KO mice needed more time to locate the platform than WT mice did on these days ( Fig. 3 B, C) . After training, the platform was removed from the pool and the preference of WT and KO mice in searching the platform location were monitored at 24 and 72 h thereafter. WT mice typically spent most of their time for searching in the quadrant where the platform was previously located. In contrast, MsrB1 KO mice displayed no such preference at the indicated time points ( Fig. 3 D, E ). All these results consistently demonstrate that the MsrB1 deficiency mice showed a significant cognitive impairment in spatial learning and memory.
MsrB1 deficiency perturbs Long-term potentiation and Long-term depression in CA1 of hippocampus
It has been reported that MsrB1 is able to reduce the 44 and 47 methionine sulfoxides of actin to facilitate it aggregation into F-actin in vitro [21] . This study made us feel obliged to further examine if MsrB1 deficiency perturbs the development of axon, dendrite and synaptic spine of neuron by Golgi staining. Because of the close relevance of hippocampus and spatial learning, we take CA1 pyramidal neuron as examples herein. Although the size of axons, as well as the shape and number of dendrites and synaptic spines of the pyramidal neuron are highly diverse in both WT and MsrB1 KO mice, it is clearly shown by the Golgi staining that knockout of MsrB1 did not seriously impact the development of pyramidal neurons in CA1, they manifested normal shape of neurites and synaptic spine comparing with WT pyramidal neurons (The number of synaptic spine was not compared in this study due to the huge diversity in each individual neuron) (Figure 4. A, B) . These observations suggest that any hippocampusdependent behavioral disturbances we observed above are not likely the result of gross developmental abnormalities in the hippocampus, but rather derived from the perturbance of MsrB1 related metabolic or signaling transduction processes.
LTP and LTD at CA1 excitatory synapses are believed to underlie acquisition of novel objects 8 location and spatial learning [25] . Therefore, we set out to determine if the spatial learning defects in MsrB1 KO mice were derived from any impairments in synaptic plasticity by electrophysiological methods. LTP/LTD of acute brain slices were tested with extracellular field recordings in the CA1 stratum radiatum of hippocampal ( Figure. 4 C) , the region where is believed to be important for learning and memory consolidation. The amplitude of postsynaptic potentiation was elevated after LTP induction with a 100 Hz tetanus in brain slices of both WT and MsrB1 KO mice at 2 weeks-1 mouth of age, however, in slice of MsrB1 KO mice it went down to the level of base line almost immediately after the high frequency stimuli ( Figure. 4 D, E). 30 minutes after the tetanus stimuli, the KO mice brain slices showed ~107% potentiation, whereas WT mice showed ~146% potentiation. For LTD assay, the low frequency stimuli in 1 Hz pulse for 15 mins depressed the amplitude of postsynaptic potentiation in brain slices of both WT and MsrB1 KO mice at 2 weeks of age, however, it was recovered very soon in brain slices of KO mice comparing with their WT counterparts. 30 minutes after the low frequency stimulation, the brain slices of KO mice exhibited ~94% depression, whereas WT mice showed ~63% depression. Apparently, these LTP/LTD impairments were not caused by synaptic connectivity failure, for the synaptic responses collected before LTP/LTD induction were similar between the brain slices of KO and WT mice. Besides, the changes of amplitude could be clearly observed in MsrB1 deficient brain slice, only those elevated or decreased amplitude could not last for a long period as seen in WT. These results indicated that the LTP/LTD disorders of the KO mice were due to more intricate mechanisms.
Knockout of MsrB1 results in decline of CaMKII phosphorylation in mice brain
It has been well established that NMDAR played an important role in the initiation of LTP and LTD [26] . Therefore, we examined the hippocampal protein level of GluN2A and GluN2B, the NMDAR subunits that mainly expressed in pyramidal neuron, as well as synaptophysin (SYP) and postsynaptic density-95 (PSD95), the synaptic maintaining proteins which located in presynaptic and postsynaptic density of the asymmetric synapses, respectively. The 9 immunoblot demonstrated that the ablation of MsrB1 resulted in decrease of NMDAR subunits and synaptic scaffolds in the hippocampus from mice at 1 mouth of age ( Figure 5. A and B) .
It indicated a decline of synapse which may contribute to the impairment of long-term synaptic plasticity in MsrB1 KO mice.
It has also been reported that the phosphorylation of CaMKII plays an central role in LTP/LTD induction [27] [28] [29] [30] [31] [32] . LTP and LTD requires CaMKII phosphorylation at Thr-286(287)-induced autonomous activity and the subsequent activation of differential substrate site [31] [32] [33] [34] . Thus, we further examined the expression of CaMKII and its phosphorylation level in hippocampus from mice at 1 mouth of age. In mammalian, CaMKII family has 4 isoforms, named    and . These isoforms are highly homologous in their catalytic and regulatory domains. All four are expressed in neurocytes [35] , excepting that the  and  isoforms are highly expressed in neurons, whereas the  and  isoforms are abundantly expressed in astrocytes [36] . The protein levels of CaMKII  and  in hippocampus of MsrB1 KO mice were similar with WT mice. Whereas, the levels of CaMKII and  were increased in hippocampus of KO mice 
Discussion
The results in the present study provide evidence that MsrB1 was expressed in mouse CNS by both neuron and glia. The knockout of MsrB1 did not reduce the expression of other Msrs in mice brain. On the contrary, the mRNA levels of MsrB3 were elevated in the primary cultured MsrB1 deficiency astrocyte. Although, loss of MsrB1 did not severely impact the development of mouse brain, it resulted in astrogliosis in cortex and hippocampus. Most strikingly, mice without MsrB1 exhibited impairments in spatial learning and LTP/LTD expression. These observations are consistent with the previous study that acquired from Sepp1 knockout mice.
Sepp1 encodes Selenoprotein P, which contains 10 selenocysteins and is believed to be responsible for selenium transportation, especially for retention of selenium by brain [37] .
Deletion of the mouse Sepp1 remarkedly depresses brain selenium content [23, 38, 39] . In addition, Sepp1 knockout results in altered hippocampus synaptic function represented by disrupted spatial learning and severe alterations in synaptic transmission. Moreover, deletion of ApoER2, which encodes the receptor of Selenoprotein P to facilitates it uptake in to cells, also leads to a neurological manifestation which is similar to the phenotypes derived from Selenoprotein P deficiency [40] . The cognitive disability exhibited by MsrB1 deficiency mice is also in line with the observation that synaptic transmission is altered in wild type mice when they have been fed with selenium deficient diet [23, 41] . Given that Selenorprotein P and its receptor ApoER2 were involved in selenium uptake and transportation in brain and other organ, and the level of MsrB1 is quite dependent on the selenium diet supply [11] , the disfunction of MsrB1 may partially contribute to the neurological abnormality that were observed in Sepp1
and ApoER2 knockout mice, as well as in mice with selenium deficient diet.
Our results provide experimental evidence that MsrB1 is essential for spatial learning and longterm synaptic plasticity such as LTP and LTD. It is well accepted that CaMKII is part of a core mechanism for LTP induction [42, 43] . CaMKII deficient mice show a diminished level of LTP [44] . Mice expressing mutated CaMKII (CaMKII T286A ) are impaired in LTP, as well as learning and memory [28] . Despite the well-established link between CaMKII phosphorylation and LTP, the mechanism of CaMKII dependent modulation of LTP/LTD is not fully understood [45] . It has been proposed that activation of CaMKII is mediated by calcium-bound calmodulin and subsequent autophosphorylation, while turning off the kinase activity of CaMKII is dependent on dephosphorylation triggered by cytosolic phosphatases [46] . Of note, though the oxidation at Met-281 and nitrosylation at Cys-280/289 can also give rise to CaMKII an autonomous activity, they are much less effective than the phosphorylation at the nearby Thr-286 residue. In addition, prolonged exposure to nitric oxide impaired CaMKII activity by reducing the autophosphorylation at Thr-286 significantly [10] . So far, it is unknown whether oxidation is directly involved in regulating the autophosphorylation status of CaMKIIs. But if it exhibits a similar effect as S-nitrosylation, then it is reasonable to imagine that Msrs may get involved in regulating CaMKIIs autophosphorylation-dependent activity through modulating the redox status of CaMKIIs. Moreover, the decrease of NMDARs in the hippocampus of MsrB1 KO mice may perturb the influx of Ca 2+ within neurons in response of the stimulation of neurotransmitters and thus impaired the activation of CaMKII.
In summary, we observed that loss of MsrB1 resulted in astrogliosis in mice brain. Additionally, it was revealed by the behavioral and electrophysiologic study that MsrB1 KO mice exhibited defects in spatial learning and memory, as well as damaged long-term synaptic plasticity.
These impairments of neuronal function were accompanied with the decrease of NMDAR protein level and most significantly the diminished phosphorylation of CaMKII at Thr-286(287) in the hippocampus of MsrB1 KO mice. It is well accepted that Msrs play a pivotal role in defending the oxidative stress, in this study however, we further demonstrated that MsrB1 is implicated in cognitive process. It will be an interesting topic to learn whether MsrB1 is involved in the aging process of nervous system in the future study. 
Materials and methods
Animals
Primary Cell culture
Cortices were micro-dissected from new-born mice within 24 hours. All steps of dissection were performed in cold high glucose DMEM (Sigma, Hyclone). Dissected structures were digested with papaïn (25 μg/ml in DMEM) and then papaïn was inactivated with FBS. After rinsing for 3 times, cells were collected and then re-suspended in cell culture medium consisted of 50U/ml streptomycin/penicillin (Gibco), 1mM glutamine (Gibco), 2% v/v in Neurobasal A medium (Gibco). Cells were then seeded in different sizes of plastic petri dishes (1*10 5 /cm 2 ) and incubated at 37 °C in a humid 5% CO 2 atmosphere. The culture medium was renewed every 3 days. For glutamate treatment and calcium imaging, primary hippocampal neurons were isolated with the same protocol can cultured for 10 days for use. For collecting astrocytes and microglia, primary neurocytes were isolated as described above, and then seeded with 50 U/ml streptomycin/penicillin (Gibco), 15% FBS in high glucose DMEM, and incubated at 37 °C in a humid 5% CO 2 atmosphere. Astrocytes were obtained by shaking the flasks vigorously 4 h after plating. All other cell types were removed except for astrocytes, for their strongly adhesion to the flask. The culture medium was renewed every 3 days. Cells were 13 harvested after cultivated 10 days. Microglial were detached by shaking cortical cultures at 10 days in vitro on an orbital shaker for 2 h at 200 rpm. The medium containing the microglial cells adhere to the flask during this time and other cell types and debris can be removed with the medium. The purification had been confirmed by qPCR and immunoblot examining the mRNA and protein levels of NeuN, GFAP, and IBA1, respectively.
RT-PCR and qPCR
Total RNA from tissues and cells were isolated by using Total RNA Isolation Kit (Fastgen Corporation) and A260/A280 ratios of the isolated RNA were at the range of 1.8-2.0. Total
RNA of each sample was reverse-transcribed into cDNA using the Reverse Transcription
System (Takara). Primers specific for the target mRNA were designed with NCBI Primer-Blast (Table 1) 
H&E, Immunofluorescence staining
Mouse brains were fixed immediately in Bouin's Fluid after taking from WT and MsrB1 mice, and then embedded with paraffin wax. Thereafter, the tissues were cut into 5 μm slices with paraffin slicing machine. The slides were then deparaffinized in xylene and subsequently hydrated in graded alcohol series. For H&E staining, the slices were stained with hematoxylin and eosin and then dehydrated before being sealed by polymer resin. For immunofluorescence staining, the slices underwent antigen retrieval in 10 nM citrate buffer for 10 minutes in a microwave oven following deparaffinized. To prevent nonspecific reactions, sections were incubated with 10% serum for 30 min. Primary antibody was incubated at 4 °C overnight, and highly cross-absorbed secondary antibodies coupled to Alexa-488 (from Life 14 Technologies Corporation) diluted 1:500 in PBS were incubated at RT for 2 h. Samples were then mounted with antifade reagent including DAPI (Life Technologies). The images were obtained through fluorescence microscope (Olympus, BX51).
Immunoblotting
Lysates of brain or primary neuron were obtained by using lysis buffer containing phenyl methane sulfonyl fluoride (PMSF) and protease inhibitor cocktail (KeyGEN BioTHC). The lysates then underwent 8 sec sonication for twice by using an ultrasonic processor (Scientz Biotechnology) with at least 1 min interval in a 1.5 ml microfuge tube that was placed on ice.
Thereafter, lysates were centrifuged at 15000 g for 30 min to obtain the clear supernatant as protein samples. Protein concentration was estimated by BCA protein assay kit (Thermo) and determined by microplate reader (BioTek-800TS). After being separated by sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride membranes, protein of interest was probed by corresponding primary antibodies ( Table 2 ). The immunoreactive bands were visualized with ECL detection reagents and the chemiluminescence was captured by luminescent image analyzer (Tanon-5200) while the band intensities were quantified with ImageJ software.
Morris water maze
Morris Water Maze was carried out with 6-8 months aged mice to assess their spatial learning and memory ability as described previously [47, 48] . The water maze used in our study was a 220 cm diameter circular white tank with a 12 cm diameter white platform equipped in the southwest quadrant of the tank. The platform is hidden by submerging 1 cm below the surface of the water. The temperature of the water was kept at 21-22 °C. Visual objects were positioned surrounding the pool at fixed locations to serve as cues for the platform location. A camera was mounted above the maze and connected to a computer equipped with the Morris Water Maze analysis software (HVS Image) to record the animals swimming track in the water maze. Before the learning trial, animals were placed on the fixed platform for 10 sec to familiarize themselves with the task. Each trail was run by placing the mouse to the pool randomly from one of the four designated locations (N, S, E and W) facing the edge of the pool. The trial was terminated once the animals reach the platform. If the mouse failed to locate the platform within 60 sec, it was led to the platform and the latency was recorded as 60 sec.
Thereafter, the mouse was allowed to stay on the platform for 10 sec to acquire the visual cues surrounding the pool. The learning trial was performed once a day for 5 consecutive days. The latency to find the platform (sec), swimming distance (cm), and swimming speed (cm/sec) were used to evaluate the animals spatial learning. The spatial probe trial was conducted 24 and 72 h after learning trial respectively with the original platform removed. During a period of 120 sec, the number of passes over the original platform area, the path length (cm) in the quadrant which the platform was placed, and the percentage of path length spent in the correct quadrant were used to evaluate the spatial memory. The data were analyzed by two-way analysis of variance (ANOVA).
Golgi staining
Brains were wholly harvested from mice at 8 mouth of age and stained using the FD Rapid Golgi Stain Kit (FD NeuroTechnologies). In brief, fresh isolated brains were rinsed with double distilled water to remove blood from the surface, and then immersed in 10 ml of Golgi-cox stain for 2 weeks at room temperature in dark. Thereafter, they were transferred to a solution of 30% sucrose for three days at 4 °C. Coronal sections of 150 µm thickness were cut with a vibratome (Leica VT 1000S). Sections were placed in the dark allowing them to dry at room temperature for at least 4 hours (or overnight), thereafter slides were stained with developing solution and dehydrate in gradient ethanol. Permount was used for coverslipping. Pictures were taken with microscope (Olympus, BX51). 
LTP/LTD assay
Statistical analysis
Statistical analysis of behavioral data was performed by two-way ANOVA followed by Dunnett's test. In selected experiments, student's t test was used for paired comparisons. All histological experiments shown herein were results of a representative experiment; however, all experiments were repeated at least 3 times.
Data and code availability
All information that support the findings in the present study are available from the corresponding authors upon reasonable request. and Thr286(287) phosphorylated CaMKIIs in hippocampus were also examined by immunoblot using specific antibodies. GAPDH severed as protein loading controls. D. 26 Compared with control WT mice, the protein levels of CaMKII  and  were increased in hippocampus of MsrB1 KO mice brain. E. The Thr286 phosphorylated CaMKII and Thr287 phosphorylated CaMKII were significantly diminished in MsrB1 KO mice hippocampal lysate compared with WT. D-E are composites of quantified immunoblot data (mean±SD) from n=3 mice, normalized for the loading control. Protein levels of WT mice in these graphs were arbitrarily set at 1, against which statistical comparison was performed, * P<0.05; ** P<0.01. 
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